stalagmites. The highest R 2 value for any of the three stalagmites is 0. 27 ( Pillow lava rims from the Mesoarchean Barberton Greenstone Belt in South Africa contain micrometer-scale mineralized tubes that provide evidence of submarine microbial activity during the early history of Earth. The tubes formed during microbial etching of glass along fractures, as seen in pillow lavas from recent oceanic crust. The margins of the tubes contain organic carbon, and many of the pillow rims exhibit isotopically light bulk-rock carbonate ␦ 13 C values, supporting their biogenic origin. Overlapping metamorphic and magmatic dates from the pillow lavas suggest that microbial life colonized these subaqueous volcanic rocks soon after their eruption almost 3.5 billion years ago.
Biologically mediated corrosion of synthetic glass is a well-known phenomenon (1) . Early studies of natural volcanic glass suggested that colonizing microbes can actively dissolve glass substrates to extract nutrients, thereby producing channel-like tubular structures (2, 3) . This mechanism has been verified experimentally (4) (5) (6) (7) . Over the past decade, numerous studies have documented micrometer-sized corrosion structures produced by microbial activity in natural basaltic glasses throughout the upper few hundreds of meters of the oceanic crust (8-13). These structures have textural characteristics (such as size range, morphology, and organization) that are consistent with a biogenic origin. The presence of carbon and nitrogen (10, 12, 13) as well as nucleic acids associated with the corrosion textures (10, 13) and characteristically depleted ␦ 13 C values of disseminated carbonate within microbially altered basaltic glass (10, 13, 14) further support the biogenic origin of these structures. In this paper, we document evidence of ancient microbial activity within exceptionally well-preserved pillow lavas of the ϳ3.5 billion-year-old Bar-berton Greenstone Belt (BGB), South Africa (Fig. 1) .
The BGB comprises 5 to 6 km of predominantly komatiitic and basaltic pillow lavas and sheet flows and related intrusions that are interlayered with cherts and overlain by cherts, banded iron formations, and shales (15) . This magmatic sequence has been interpreted to represent 3480-to 3220-millionyear-old oceanic crust and island arc assemblages (16) . These rocks have undergone metamorphism from prehnite-pumpellyite to greenschist facies (15, 17) .
Within the originally glassy rims of many BGB pillow lavas, dense populations of mineralized tubular structures 1 to 9 m in width (average width, 4 m) and up to 200 m in length (average length, ϳ50 m) are observed ( Fig. 1, D and E). These structures consist of fine-grained titanite and extend away from healed fractures along which seawater once flowed (Fig. 1C) . Some of these tubular structures exhibit segmentation into subspherical bodies approximately 1 to 9 m in diameter ( Fig. 1, E and F) . In some cases, chlorite has overgrown these structures at the segmentation sites (Fig. 1F ). These tubular structures are similar in size, shape, and distribution to features documented in glassy pillow rims from the Troodos ophiolite (Fig. 2, A and B ) and recent oceanic crust (Fig. 2, C and D) . The structures shown in Fig. 1 , D to F, are interpreted as being the mineralized remains of microbial borings in previously glassy rocks (Fig. 2) . Tubular structures such as those shown in Fig.  2 have not been successfully replicated by abiotic glass-dissolution experiments (4-7).
X-ray element mapping (18) demonstrates the presence of carbon along the walls of the tubular structures (Fig. 3) . The calcium, iron, and magnesium maps of the same region all show anticorrelation with carbon, indicating that the carbon is not bound in carbonate (Fig.  3 ). Biofilms and organic remains containing nucleic acids are commonly observed along the interior surface of microbially generated channels in volcanic glass from recent oceanic crust (8, 10, (12) (13) (14) . The carbon is therefore interpreted to represent organic material left behind along the interior surface of the microbially generated tubes that was subsequently preserved during later mineralization by titanite.
Disseminated carbonate from bulk rock subsamples (19) 
mil (‰), which are different from those of the crystalline interiors of individual pillows [ϩ0.7 to -6.9‰ (Fig. 4A) ]. Secondary carbonate-rich amygdules have ␦ 13 C values that cluster around zero. The ␦ 13 C values from crystalline interior samples are bracketed between those of primary mantle CO 2 (-5 to -7‰) and of Archean marine carbonate (0‰) (20) , whereas the glassy samples extend to lower ␦ 13 C values. Such isotopic contrasts are also seen in pillow lava rims from ophiolites (Fig. 4B ) and oceanic crust (Fig. 4C) , where the generally low ␦
13 C values of disseminated carbonate are attributed to metabolic byproducts formed during microbial oxidation of dissolved organic matter in pore waters (13, 14, 21) . The isotopically low ␦ 13 C values of carbonate in the formerly glassy rims of the BGB pillows are thus interpreted to have also formed by microbial fractionation.
In order to determine the timing of the microbial activity, we must document the relationships between the tubular structures and metamorphic mineral growth. Step Ar age overlaps U/Pb dates of magmatic zircons from the same outcrops (3482 Ma) and cherts directly overlying the pillow lavas (3472 Ϯ 2 Ma) (16, (22) (23) (24) . The similarity of these ages and the preservation of igneous spinifex textures pseudomorphed by metamorphic minerals suggest that the metamorphic overprint occurred penecontemporaneously with igneous activity (15, 23) . Oxygen isotope and metamorphic profiles across the BGB magmatic stratigraphy are indistinguishable from those of Phanerozoic ophiolites and recent oceanic crust (25, 26) . This implies that the metamorphism represents ancient ocean floor hydrothermal alteration.
The morphology of the delicate structures illustrated in Fig. 1 , C to F, is inconsistent with inorganic precipitation of titanite during seafloor metamorphism of the BGB pillow lavas. Finegrained chlorite is observed to have overgrown the titaniferous tubular structures, which in some cases caused segmentation (Fig. 1F) . These observations imply that the delicate tubular structures existed before the precipitation of titanite and chlorite and are thus premetamorphic (Fig.  1, C to F) . The lack of later regional metamorphic events that may have caused recrystallization has allowed preservation of this 3.48 billionyear-old biomarker.
Our data come from a geological setting that has not been extensively explored in the search for early life on Earth. The suggestion of volcanic rocks from the oceanic crust as a habitat for early microbial life and the preservation of associated biomarkers is not unexpected. Some of the deepest branches in the tree of life are populated by thermophilic microbes, and there is increasing evidence that early life may have been connected to volcanic environments, such as deepsea hydrothermal vents (27) . This is consistent with an optimal growth temperature for thermophilic microbes of 70°C, determined from the only study to investigate the depth distribution of microbial alteration textures in the modern oceans (11) . Filamentous microfossils have been described from a 3235 million-year-old massive sulfide deposit interpreted to have formed in much the same way as modern black smokers (28) . Our study indicates that microbes colonized basaltic glass of the early oceanic crust, much in the same way as they do modern volcanic glass. Well-preserved pillow lavas, which are a major component of Archean greenstone (13, 14) . Ga, billion years ago.
belts, may thus be one of the most promising places to search for vestiges of early life on Earth.
